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Nanoparticles (NP) are organic or inorganic substances, the size of which ranges from 1 to 100 nm, and 
they possess specific properties which are different from those of the bulk materials in the macroscopic 
scale. In a recent decade, NP were widely applied in biomedicine as potential probes for imaging, 
drug-delivery systems and regenerative medicine. However, rapid development of nanotechnologies and 
their applications in clinical research have raised concerns about the adverse effects of NP on human 
health and environment. In the present review, special attention is paid to the fetal exposure to NP during 
the period of pregnancy. The ability to control the beneficial effects of NP and to avoid toxicity during 
treatment requires comprehensive knowledge about the distribution of NP in maternal body and possible 
penetration through the maternal-fetal barrier that might impair the embryogenesis. The initial in vivo and 
ex vivo studies imply that NP are able to cross the placental barrier, but the passage to the fetus depends 
on the size and the surface coating of NP as well as on the experimental model. The toxicity assays 
indicate that NP might induce adverse physiological effects and impede embryogenesis. The molecular 
transport mechanisms which are responsible for the transport of nanomaterials across the placental barrier 
are still poorly understood, and there is a high need for further studies in order to resolve the NP distribution 
patterns in the organism and to control the beneficial effects of NP applications during pregnancy without 


impeding the embryogenesis. 
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Nanoparticles (NP) are a class of organic or inorganic 
substances with the size range of 1-100 nm, which may 
form naturally, be produced as a waste product by human 
activity (automobile exhaust gases or emissions of power 
plants) or specifically engineered for industrial or medical 
purposes. Natural ecosystems have been exposed to fine 
and ultrafine particles throughout their history, but the 
industrial revolution dramatically changed sources, doses, 
and types of NP. Nanotechnology is a rapidly developing 
and expanding field leading to an increase of engineered NP 
with conceptually new physical and chemical properties, 
which might induce novel effects in biological systems 
(Hardman 2006; Gupta 2007). Therefore, comprehensive 
knowledge about possible physiological effects of NP is 
crucial independently on whether NP exposure is intended 
or not. Some nanomaterials such as titanium dioxide (TiO) 
or silica nanoparticles have been already used in cosmetics, 


food, electronics and medicine (Yamashita et al. 2011). The 
growing number of commercial products and the expansion 
of NP application areas raise concerns about NP accumula- 
tion, long-term retention in an organism and subsequent 
toxic effects. 

Humans are more sensitive to toxic materials in pre- 
natal stages than in mature age and scientific studies have 
shown that chemicals in maternal surroundings (air, food, 
water) can induce pregnancy complications and embryotox- 
icity (Yamashita et al. 2011). The potential fetal toxicity 
first of all depends on the passage of particles from the 
maternal organism which is mainly determined by the pla- 
cental barrier in the case of mammals. The NP penetration 
into the conceptus is becoming an important factor in veter- 
inary and medicine as NP are actively developed as agents 
for optical and magnetic imaging, drugs and vaccines for 
both animals and humans (Adair 2009). Molecule penetra- 
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tion across the placental barrier limits applications of some 
conventional drugs during pregnancy, and nanotechnology 
might offer solutions to this problem by developing drug- 
NP conjugates that would accumulate in specific targeted 
tissue but would not be transported to fetus because of the 
size of the complex (Menjoge et al. 2011). Such nanotech- 
nological approaches open new frontiers in veterinary and 
medicine, but the in-depth understanding of physiological 
processes remains of crucial importance before developing 
and applying NP during pregnancy. 

This review focuses on NP passage through the mater- 
nal-fetal junction by analyzing the structure and functions 
of this barrier in the perspective of NP applications. The 
article surveys and analyzes current reports on transplacen- 
tal NP transport using in vivo and ex vivo models. Possible 
adverse effects of NP applications on embryogenesis are 
also discussed. 


Genesis of maternal-embryonic barrier 


Molecule passage to embryonic tissues first of all 
depends on the stage of embryogenesis because of the 
essential changes of the physiology of the maternal-fetal 
barrier during pregnancy. Generally, there are some critical 
periods during embryogenesis when the embryo is most 
sensitive to exposure to toxic materials. Classical critical 
periods of the fetus formation include implantation, pla- 
centa formation and organogenesis. Harmful factors in 
these periods can induce embryo mortality or different con- 
genital anomalies (Hayes 1994). 

Prior to implantation, the embryo is exposed to materi- 
als secreted by the epithelium of endometrium and 
Fallopian tubes. The compounds that primarily function as 
regulatory agents for embryo development and implantation 
comprise enzymes, cytokines, growth factors, ions, hormo- 
nes, glucose, transport proteins, and adhesion molecules 
(Gray et al. 2001; Boomsma et al. 2009). This means that 
an exposure of embryos to NP before their implantation 
may be possible after NP pass to endometrial gland cells 
and when they are later secreted to the fetal environment. 

In the post-implantation stages the embryo is sur- 
rounded by maternal tissues and becomes more dependant 
on maternal nutrition as the embryo grows. At the time, the 
maternal-fetal barrier is determined as a selective molecule 
transport from maternal blood across the trophoblast and 
vice versa. The main role in the biological barrier is attrib- 
uted to the placenta. However, the formation of placenta 
starts after implantation and lasts during the first trimester 
(the term differs among species), therefore, the embryo is 
separated by a specific but still not fully mature barrier 
from mother’s blood circulation during placentation. In this 
period, the trophoblast cells are invading into uterus tissue 
by internalizing endometrial cells and the tissue is being 
remodelled (Bevilacqua et al. 2010). During these changes 
there is a greater possibility for xenobiotics, including NP, 
to enter the fetal tissues what leads to a greater risk of pos- 
sible effects on the development (Grazeliene et al. 2006). 


When the placenta is completely formed, it becomes a 
natural barrier for a large variety of substances with diverse 
molecular structures, and the transport efficiency is regu- 
lated by the expression of cellular proteins (Marin et al. 
2004). A mature placenta has several functions in embryo- 
genesis because it contains cells that endocytize exogenous 
antibodies and produce various hormones and other regula- 
tory molecules. It takes place in ion transport, liquid regu- 
lation, and transmits the information to the embryo (Gude 
et al. 2004; Sibley 2009). At this period the barrier proper- 
ties are highly pronounced and the fetal nutrition is ensured 
for the proper development. 

At the end of embryogenesis the placenta starts to 
reorganize before the birth. Capability of the barrier is 
changing: in rodents, the trabecular structures of the laby- 
rinth alter by increasing the amount of the connective tis- 
sue, the calcification zones originate, the blood vessels are 
breaking (Metz 1980; Akirav et al. 2005). Human placenta 
also undergoes calcification and histological reorganization 
before the term (Chen et al. 2011). The structural changes 
highly influence the overall placental functions and may 
possibly increase the barrier permeability for NP. 


The structure and function of the placental barrier 

A placenta is a physiological connection between fetal 
and maternal tissues regulating the nutrition, respiration and 
excretion of the fetus. When the placenta is formed the 
molecules may pass to the embryonic blood via the placen- 
tal barrier and the visceral yolk sac placenta, which is pres- 
ent in rodents. It is assumed that the placental barrier plays 
the major role in the maternal-fetal transfer of biomole- 
cules. As the placental structure varies greatly among spe- 
cies we here represent the principal structure of hemocho- 
rial placenta in humans and rodents because these types of 
placenta are widely used in transplacental NP penetration 
experiments. The term placenta will be used. 

In humans, the placenta is divided by decidual septa 
into separate functional vascular units known as cotyledons. 
Within each cotyledon, there is a chorionic villous tree 
structure which is rich in fetal capillaries. There are a few 
layers of extraembryonic membranes in the placental struc- 
ture: fetal capillaries endothelium, connective tissue (cho- 
rioallantoic mesoderm) and the trophoblast which is formed 
by a continuous layer of syncytiotrophoblast and the under- 
lying cytotrophoblast cells (Fig. 1). These layers form a 
chorionic villi which are exposed to maternal blood. 
Reorganization of the endometrium connective tissue and 
maternal capillaries during the placentation processes leads 
to maternal blood release into intervillous chamber which 
surrounds the chorionic villi and the molecules may be 
transported from blood across the syncytiotrophoblast cells 
and vice versa (Saunders 2009). 

A rodent placenta is composed of a decidua, a junc- 
tional zone and a labyrinth (Fig. 2, A). The former is the 
area where the maternal and fetal components integrate and 
where exchange of nutrients takes place. It is characterized 
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1. Schematic representation of the placental barrier. In humans (left) the fetal connective tissue is separated from 
maternal blood by two trophoblast layers: the syncytiotrophoblast and the cytotrophoblast (a discontinuous layer). 
Meanwhile, in rodents (right) there are three continuous trophoblast layers. The fetal capillary endothelium and the 
underlying basement membrane are present in all mammals. In humans the chorion forms round-shaped villous struc- 
ture, while in rodents the chorion and maternal sinuses form the labyrinth of irregular structure. 
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2. Histological images of the placenta. 

Shown are the histological images of rat placenta (A) and yolk sac placenta (B) on the day 13 of gestation (full term - 
21 days). The tissues were prepared using standard formalin fixation and paraffin embedding techniques, sectioned with 
microtome and stained with haematoxylin - eosin. Images captured using Nikon Eclipse TE2000 microscope (* 10/0.25 
objective) and Leica DFC290 camera. Scale bars - 100 um. 
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by excessive branching of the fetal villi increasing the sur- 
face area for the exchange of nutrients. Rodent placentas 
are classified as hemotrichorial since the barrier is com- 
posed of three cellular layers: the cytotrophoblast layer 
(sometimes called mononuclear trophoblast giant cells) and 
two syncytiotrophoblast layers (Fig. 1) (Takata et al. 1997; 
Kibschull et al. 2008). 

The placental barrier is mainly formed by cells 
exposed to the blood: trophoblast cells on the maternal side 
and capillary endothelium on the fetal side. These cell lay- 
ers have characteristic structure which determines their 
interceptive properties: the basal surfaces of the endothelial 
and trophoblast cells are exposed to the basement mem- 
brane which organizes the cellular layer, and the lateral cel- 
lular sides of the endothelial cells are interconnected with 
tight junctions, adherence junctions and desmosomes. 
These junctional complexes completely encircle cells 
resulting in a continuous connecting belt that regulates 
paracellular permeability and prevents passage of macro- 


molecules (Steed et al. 2010). In addition, the tight junc- 
tions impede protein intramembrane diffusion between the 
apical and basal cell poles resulting in asymmetrical protein 
distribution on the opposite endothelium sides. Conse- 
quently, it determines different molecule transport effi- 
ciency and different membrane functions on the opposite 
sides of the barrier. The syncytiotrophoblast cells form a 
continuous layer of syncytium which is maintained by a 
fusion process of the underlying cytotrophoblast cells 
(Kibschull et al. 2008). These structural properties ensure 
that large molecules pass to the embryonic tissues mainly 
by entering cells of the trophoblast and endothelium. The 
compounds might enter the cellular membrane via classical 
passive (facilitated diffusion, filtration, etc.) and active 
(carrier-mediated transport, endocytosis, etc.) transport sys- 
tems. In both cases the molecule uptake is controlled by 
the expression of specific membrane proteins. For instance, 
the apical membrane of endothelial cells contains specific 
transporters for serotonin, carnitine or folate. It also has 
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nonspecific transporters such as P-glycoprotein, a member 
of the multidrug resistance mechanism (Wick et al. 2010). 
The active transport systems play a key role in the intracel- 
lular transport of macromolecules and NP. Extensive stud- 
ies have shown that NP internalization mainly occurs via 
endocytotic pathways and depends on NP properties (e.g., 
size, charge, functionalization) as well as on the cellular 
origin and physiology (Kelf et al. 2010; Pi et al. 2010; Tan 
et al. 2010). 

Some authors report presence of transtrophoblastic 
channels which are thought to be membrane-lined tubular 
systems that originate from membrane invaginations of the 
basal syncytiotrophoblastic surface and cross the cell 
towards its apical surface (Kertschanska et al. 1997; 
Benirschke and Kaufman 2000). They might function as 
pressure-dependent valves regulating fetal water and bio- 
molecules transport by changing the effective molecular 
diameter in the range of 2-25 nm. However, the presence 
and physiological role of these channels is uncertain and 
remains disputed among scientists (Bonatelli et al. 2005; 
Menjoge et al. 2011). 

The villous stroma located between fetal capillaries 
and the trophoblast layer also plays an important role in 
barrier physiology. It contains Hofbauer cells, which regu- 
late placental vasculogenesis and which are typical macro- 
phages with pinocytotic and phagocytotic activity (Seval et 
al. 2007). 

The placenta in humans and rodents is called hemo- 
chorionic and due to its shape is sometimes named a discoid 
placenta. However, rodents additionally have a visceral 
yolk sac placenta (choriovitelline placenta) (Fig. 2, B). It 
forms continuous fetal coating separating vitelline capillar- 
ies from the maternal endometrium and it plays an impor- 
tant role in the nutrition during the early embryogenesis 
stages (Farese et al. 1996). It is said to be “inverted” (the 
absorptive surface is exposed to the maternal tissues rather 
than to the yolk) and it absorbs molecules and transports 
them into the embryonic circulation (cholesterol, ions, 
amino acids, immunoglobulins etc.) (Hatzopoulos et al. 
1998; Freyer and Renfree 2009). In mice, this transport is 
thought to provide materials to the embryo until at least day 
10 of the 20-21 total pregnancy days (Farese et al. 1996). 
Therefore the yolk sac placenta could be treated as a possi- 
ble NP transfer pathway. The yolk sac membrane is formed 
basically of three layers: an outer endodermal epithelium, 
an intermediate mesenchymal tissue within which blood 
vessels develop and an inner mesothelial epithelium 
(El-Nefiawy et al. 2002). In contrast to the blood sinuses of 
the hemochorionic placenta, the visceral yolk sac placenta 
absorbs molecules from the intact endometrial capillaries, 
and therefore molecules or NP have to pass the endothelium 
barrier before reaching fetal tissues. The basement mem- 
brane of maternal endothelial cells is called Reichert’s 
membrane and it also plays a significant role in molecule 
transport (Farese et al. 1996). In general, the visceral yolk 
sac placental barrier is constituted from these layers: mater- 


nal vessels endothelium, trophoblast cells, Reichert’s mem- 
brane, visceral yolk sac epithelium and fetal vessels endo- 
thelium (Hatzopoulos et al. 1998). 

It should be noted that the physiology and functional- 
ity of the maternal-fetal barrier change during the embryo- 
genesis, and the maternal NP exposure in different preg- 
nancy stages may result in different biological effects upon 
the fetus development. 


In vivo studies of transplacental passage 
of nanoparticles 


By now, there are only few in vivo studies on NP pen- 
etration through a hemochorial placental barrier. Recently 
Chu et al. (2010) reported about semiconductor NP penetra- 
tion across the placental barrier and their accumulation in 
mice embryos. The authors used quantum dots (QD) com- 
posed of a CdTe core, covered with mercaptopropionic acid 
(MPA). The nanoparticles were injected into the tail vein 
of pregnant mice 1-5 days before giving the birth, when the 
placental barrier was completely developed. Cd accumula- 
tion in embryos reached up to 0.6% of the injected dose (20 
ug of Cd). The authors established that NP transplacental 
penetration depends on the size and coating of QD. 
Application of smaller QDs (1.7 nm compared to 2.6 and 
3.2 nm) resulted in higher Cd levels. When the particles 
were stabilized with a SiO, or polyethylene glycol (PEG) 
coating, the transfer decreased. 

However, it should be noted that the quantitative QD 
distribution analysis was carried out by means of inductive 
coupled plasma atomic emission spectrometry (ICP- 
AES)—a technique which is sensitive to elemental compo- 
sition, particularly, to cadmium. It means that the authors 
were unable to determine if the Cd in the embryos origi- 
nated from Cd forming QD crystals or from Cd’* ions 
which were released after QD degradation in the maternal 
organism. This ambiguity undermines the reliability of the 
ICP-AES method for the assessment of NP concentration in 
vivo. CdTe QD degradation in vivo and toxicity due to 
Cd** leakage are possible and the fact was reported earlier 
(Liu et al. 2008; Lin et al. 2009). Consequently, lower Cd 
accumulation after coating the nanoparticles can be 
explained in two ways: a) the coating stabilizes the CdTe 
core and minimizes Cd?" release; b) the coating increases 
the overall NP size, which results in reduced penetration 
through placental barrier. It is worth mentioning that non- 
coated CdTe-MPA QDs possess a negative charge, and that 
such nanoparticles interact with plasma proteins resulting in 
a significantly increased hydrodynamic diameter (Chen et 
al. 2008). As the PEG coating has a neutral charge, it 
diminishes protein adsorption and the consequential diame- 
ter growth. Therefore, the PEG coating may affect the NP 
diameter in vivo in two opposite ways and additional quan- 
titative studies necessary to determine the coating effect on 
NP penetration through the placental barrier. 

The authors also observed embryotoxicity after a QD 
injection. The toxic effect was lower using QD of a larger 
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diameter and using SiO, or PEG coatings. In general, 
embryotoxicity correlated with cadmium concentration in 
embryos. 

A recent study of another group also reported preg- 
nancy complications in mice induced by NP (Yamashita et 
al. 2011). The authors examined the distribution and fetal 
toxicity of differently sized silica and titanium oxide (TiO.) 
NP. The whole-body optical imaging analysis showed 
accumulation of fluorescently labelled 70 nm size silica and 
143 nm size TiO, NP in the placenta 24 hours after an intra- 
venous NP injection. Electron microscopy revealed that 
these NP were localized in placental trophoblast cells, as 
well as in the fetal liver and fetal brain. However, silica NP 
of a bigger size, 300 nm or 1,000 nm, were not observed in 
placenta or fetuses. The authors speculate that NP pene- 
trated through the placenta by active transcellular transport 
or directly injured the placental barrier. The NP appearance 
in fetal brain is explained by an incompletely formed blood- 
brain barrier in the current embryogenesis stage. Experi- 
ments have shown that NP induced adverse effects on 
embryogenesis including growth inhibition, resorptions, 
placental dysfunction and other functional and structural 
changes. The provoked physiological changes correlate 
with the nanoparticles penetration across the barrier and 
they were not observed for the 300 nm and 1,000 nm NP 
which did not accumulate in the placenta and fetuses. NP 
toxicity depended on NP concentration and it could be pre- 
vented with coating the silica NP surface with carboxy or 
amino groups. Interestingly, the NP accumulation in fetuses 
did not change after coupling the surface ligands. 

The toxicity was also assessed for the fullerene NP of 
the size of 65-143 nm, but no adverse effects were 
observed. These results suggest that the fullerene NP could 
not pass into the embryos due to their size when compared 
to silica NP of similar size which crossed the placental bar- 
rier. Unfortunately, the absence of fullerene toxicity was 
not discussed in the report, but the distinct biological effect 
could be determined by the differences in NP surface and 
chemical composition when compared with the toxic silica 
and TiO, NP. 

Another group investigated the penetration of gold 
nanoparticles through a rat placenta (Semmler-Behnke et al. 
2007). NP of two sizes (1.4 nm and 18 nm) were radio 
labelled and stabilized by negatively charged ionic ligands. 
At 24 hours after intravenous injection of gold NP, they 
found a rather strong and inversely size-dependent NP 
uptake in the placenta: about 3% of 1.4 nm NP and about 
0.02% of 18 nm NP. Respectively, the concentration in the 
fetuses was also higher for smaller NP. Biological effects 
of NP exposition on embryogenesis were not studied. 

The discussed reports show that NP penetration across 
the placental barrier depends on the size and chemical com- 
position of the surface coating of NP. However, the studies 
were carried out under different experimental conditions; 
therefore it is difficult to determine the size threshold for 
maternal-fetal NP transfer. The results show that physico- 


chemical properties of NP highly depend on the surface 
coating. The surface properties determine the overall sta- 
bility of the NP, the interaction with biomolecules and the 
distribution in the organism. The experimental studies on 
rodents are meaningful as they provide principal knowledge 
about distribution and physiological effects of NP during 
pregnancy. The results of the research in NP transplacental 
penetration has a lasting legacy for possible veterinary 
applications as well as for understanding fundamental pro- 
cesses which determine NP passage through biological bar- 
riers. However, the differences in placental structure 
among species limit the extrapolation of the results of ani- 
mal studies for humans and hinder their applications for the 
development of diagnostic or therapeutic techniques. Thus, 
the studies using ex vivo human placentas have additional 
advantage as they model the processes taking place after 
NP exposure during women pregnancy. 


Ex vivo studies in transplacental passage 
of nanoparticles 


Myllynen et al. (2008) investigated penetration of gold 
nanoparticles through the placenta barrier using an ex vivo 
human placenta perfusion model. Monodispersed NP of the 
size of 10, 15 and 30 nm were coated with PEG and per- 
fused for 6 hours. However, gold NP of any size were not 
observed in the fetal part of the placenta. After the perfu- 
sions, the NP concentration in the maternal samples 
decreased up to 64% of the initial dose suggesting that par- 
ticles were taken up into tissues. An electron microscopy 
analysis confirmed that NP mainly localized in the syncy- 
tiotrophoblast and trophoblast layers, but not in the fetal 
capillary endothelium, confirming that human placental 
barrier is impermeable for the PEG coated gold NP. 

Wick et al. (2010) employed fluorescently labelled 
polystyrene beads with diameters of 50-500 nm to investi- 
gate the size-dependent NP passage in the ex vivo human 
placental perfusion model. The results showed that beads 
up to the size of 240 nm were taken up in placenta, and sub- 
sequently crossed the placental barrier without affecting 
viability of the tissues. The major possible mechanisms of 
NP transfer involve diffusion and vesicular transport such 
as clathrin- or caveolin-mediated endocytosis peculiar for 
smaller particles. Meanwhile, these types of endocytosis 
are unlikely for 240 nm spheres leaving the question of NP 
transport mechanism unanswered. 

The ex vivo human placenta perfusion model was also 
employed for the assessment of polyamidoamine 
(PAMAM) dendrimers penetration to the fetus (Menjoge et 
al. 2011). The diameter of fluorescently labelled NP was in 
the range of 5-6 nm. The HPLC analysis revealed that den- 
drimers could be first detected in the fetal perfusate after 15 
min and the concentration was increasing during the whole 
experiment which lasted up to 5.5 hours. The final den- 
drimers concentration ratio in fetal maternal compartment 
reached the value of 0.07 and the absolute NP concentration 
in fetal compartment constituted ~3% of initial dose in 
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maternal perfusate. The fluorescence microscopy tissue 
analysis revealed that dendrimers mainly accumulated in 
the inter-villous space surrounding the rims of the syncytio- 
trophoblast. In individual cases, the NP were observed 
inside the trophoblast cells and the villous core but not in 
the fetal capillaries. However, the microscopy resolution is 
far too low to resolve single nanoparticles and the fluores- 
cence signal reflects the fact that dendrimers are present in 
the region. The results indicate that NP used in the experi- 
ments are not retained to a significant degree in a human 
placenta. According to the authors, the NP transfer is 
mainly attributed to the paracellular diffusion due to the 
small size of NP (5.5 nm) and the transcellular transport is 
assumed as being less likely. The results also indicate that 
drug-dendrimers conjugates would be restricted from pass- 
ing across the human placenta when compared to small 
drugs alone. 

To sum up the discussed studies, it can be concluded 
that NP transplacental passage is size depended. The pro- 
posed transport mechanisms are different for NP of distinct 
size ranges: paracellular diffusion dominates in the case of 
small (~5.5 nm) NP (Menjoge et al. 2011) and transcellular 
transfer is more likely for larger (50-240 nm) NP (Wick et 
al. 2010). However the penetration pathways are still hypo- 
thetical and experimentally unproven. The different results 
of Myllynen et al. (2008) and Wick et al. (2010), who used 
NP of similar sizes, might be attributed to the different sur- 
face coatings of the NP. The variation in experimental con- 
ditions and NP stability may also contribute to these differ- 
ences. The performed ex vivo models have certain 
disadvantages over in vivo studies. The perfusion time is 
limited to a few hours because of tissue degradation. The 
explants represent only the late phase of pregnancy for 
which the barrier thickness is reduced, and the placenta 
undergoes significant remodelling before giving the birth. 
Therefore, the barrier permeability is possibly increased at 
the term when compared to the earlier embryogenesis 
stages. It should be noted that NP accumulation in the tro- 
phoblast (Myllynen et al. 2008; Menjoge et al. 2011) might 
induce long-term physiological effects on the cellular activ- 
ity and result in slow NP release to the fetal compartment. 
These questions were out of the scope in current studies and 
they are difficult to elucidate using ex vivo techniques. 
Therefore, the ex vivo models might not fully represent the 
NP distribution, fetal accumulation and the subsequent 
physiological effects after maternal exposure to NP during 
pregnancy. 


The possible mechanisms of transplacental 
transport of NP 


The discussed studies show that NP transplacental pas- 
sage occurs under different experimental conditions, partic- 
ularly using in vivo rodent and ex vivo human perfusion 
models. The reports indicate that NP transport highly 
depends on NP size. The threshold of NP penetration 
across the barrier was found to be between 143-300 nm for 


silica NP in mice (Yamashita et al. 2011) and between 
80-240 nm for polystyrene NP in humans (Wick et al. 
2010). The size-dependent NP penetration was also deter- 
mined for other barriers, e.g. for the particle filtration in 
kidneys. However, different authors indicate that the glo- 
merular filtration threshold for NP is between 6-8 nm (Choi 
et al. 2007; Longmire et al. 2008), which is significantly 
lower than that reported for placental barrier. In addition, 
the trophoblast cells are interconnected and form a continu- 
ous layer of syncytium, minimizing NP interception 
between the cells (Kibschull et al. 2008). Therefore, the 
paracellular NP diffusion across the trophoblast is unlikely 
and might be neglected as an NP passage pathway for NP 
larger than 10 nm. Theoretically, some NP could pass the 
trophoblast layer via the transtrophoblastic channels, which 
might dilute up to 20-25 nm in diameter in the case of 
appropriate hydrostatic pressure (Menjoge et al. 2011). 
Still, the performed electron microscopy and confocal 
microscopy studies have not confirmed the presence of such 
pathway. Nevertheless, the large NP used in the current 
reports have to be absorbed inside the trophoblast cells to 
be afterwards transferred to the fetal circulation. It is 
assumed that NP mainly enter the cells by the active trans- 
port, particularly, via the endocytotic pathways (Pi et al. 
2010; Tan et al. 2010). 

The transplacental NP uptake was observed despite 
different intrinsic chemical composition of the particles 
(CdTe, polymers, silica, TiO,, gold), whereas surface coat- 
ing had significant impact on NP distribution and physio- 
logical effects. Interestingly, only one study showed NP 
sequestration in the placental tissue without passing into the 
fetus: PEG coated 10-30 nm gold nanoparticles (Myllynen 
et al. 2008). Since the NP were modified with a polymer, 
the size might have increased and the final diameter of the 
modified NP was undetermined. The influence of NP sur- 
face on the interaction with biomolecules and intracellular 
uptake was investigated in vitro (Tan et al. 2010) and in 
vivo (Choi et al. 2007) earlier. The studies showed that 
negatively charged particles are better endocytized by endo- 
thelial vessel cells (Praetner et al. 2010). On the other 
hand, positively charged NP proved to be more efficiently 
filtrated in kidneys (Longmire et al. 2008). Neutral NP pos- 
sess lower protein adhesion, less efficient cellular uptake 
and longer circulation times in blood (Mosqueira et al. 
2001). NP hydrophilicity also has a significant effect on 
endocytotic efficiency (Tan et al. 2010). Similarly to these 
effects, the chemical composition of NP surface should 
determine NP interaction with the receptors of placental 
trophoblast cells and, consequently, influence the efficiency 
of active transport to the fetal capillaries. 

The events leading to particle engulfment and internal- 
ization are extremely complex. It starts after the particle 
adherence to the cellular membrane. This interaction is 
associated with different types of receptors like those for 
the component 3 (C3R) of the complement system, Fe 
region of immunoglobulins (FcR), mannose and many oth- 


Transport of Nanoparticles Through the Placental Barrier 231 


ers. In general, endocytosis can be dramatically enhanced 
when, under certain circumstances, the particles are coated 
(opsonized) by specific ligands having affinity for the cellu- 
lar receptors, e.g. IgG, C3b, fibronectin or opsonins 
(Bevilacqua et al. 2010). Experiments show that various 
opsonizing proteins mark NP for intracellular uptake by the 
mononuclear phagocytic system determining the NP inter- 
actions, clearance, and biodistribution. Polar NP coatings 
result in higher opsonization when compared with a neu- 
trally charged surface. For example a coating with PEG 
largely prevents protein binding and thus renders them 
invisible for macrophages (Choi et al. 2007; Rehberg et al. 
2010). Although PEG is often used to make the NP inert to 
biological environment, it doesn’t prevent interactions with 
all biomolecules. On the contrary, PEG coated quantum 
dots (QD) were reported to form clusters with lipid struc- 
tures at the vessel wall in vivo (Rehberg et al. 2010) and 
intracellular lipid droplets in human epidermal keratino- 
cytes in vitro (Ryman-Rasmussen et al. 2006). PEG is able 
to induce fusion of lipids like phosphatidylcholine in a con- 
centration dependent manner (Boni et al. 1981) and there- 
fore affect the biological membranes. The NP clusteriza- 
tion might impede their passage through a placental barrier 
due to an increase in the particle size. A reduced NP trans- 
placental penetration was observed after coating QD with 
PEG in vivo (Chu et al. 2010), and the transfer was totally 
prevented for PEG coated gold NP in vitro (Myllynen et al. 


2008). 

Phagocytosis is also an important process for tropho- 
blast nutrition by engulfing large objects. Therefore, it 
might significantly contribute to NP uptake and comple- 
ment other endocytotic uptake pathways. The phagocytotic 
trophoblast activity was demonstrated in the pre-implanta- 
tional embryogenesis stages using latex particles (1-3 wm) 
(Rassoulzadegan et al. 2000). This process is also of cru- 
cial importance during placentation as the trophoblast cells 
completely embrace and internalize uterine epithelial cells 
occupying the uterine territories. The phagocytotic activity 
lasts in the later stages as it executes erythrocyte internal- 
ization which is directly related to protein and iron transfer 
to the fetus. These facts indicate that NP phagocytosis can 
occur at different stages of embryogenesis and should be 
more significant for transplacental passage of larger NP (up 
to several wm sizes) and their clusters. 

It should be noted that the yolk sac placenta in rodents 
also plays a significant role in material exchange with fetus, 
especially in earlier embryogenesis phases before a placen- 
tal circulation is formed (Farese et al. 1996). Yolk sac pla- 
centa has the multiligand receptor complexes that are 
important for endocytotic pathways. These receptors are 
responsible for the absorption of many nutrients and, there- 
fore, they could play an important role in NP passage as 
well (Zohn and Sarkar 2010). Unfortunately, by now there 
are no studies on NP passage across the yolk sac placenta. 


Table 1. Summary of reports about NP effects on embryogenesis. 


Nanoparticles 


Model 


Effects on embryogenesis 


Reference 


CdTe quantum dots with 
mercaptopropionic acid, 
SiO, or PEG coatings. 


Mice / intravenous 
injection in vivo 


Toxicity. The effect depends on NP size and coating. 
In general, toxicity correlates with Cd accumulation in 
fetus. 


Chu et al. 2010 


TiO, NP (35 nm) 
Silica NP (70-1,000 nm) 


Mice/ intravenous 
injection in vivo 


Toxicity as well as structural and functional changes in 
the placenta. The effects depend on the type and the 
surface coatings of the NP. 


Yamashita et al. 2011 


TiO, NP coated with 
polyalcohols (21 nm) 


Mice/ powder 
inhalations in vivo 


Neurobehavioral alterations without NP accumulation 
in fetus. No changes. 


Hougaard et al. 2010 


TiO, NP (2,570 nm) Mice/ subcutaneous Altered fetal gene expression associated with brain Shimizu et al. 009 
injection in vivo development, cell death, oxidative stress and inflamma- 
tion. The effects depend on the duration of exposure 
and gestation period. 
CdSe and CdSe/ZnS Mice oocytes/ in vitro Toxicity on oocyte maturation, fertilization and Hsieh et al. 2009 
quantum dots with embryogenesis. QD induce oocyte apoptosis and 


mercaptoacetic acid coating 
(2-4 nm). 


inhibit postimplantational development. The toxicity 
depends on NP coating. Possible teratogenic effects. 


MgO NP (100 nm) 


CdTe quantum dots 


Carbon nanotubes (30 nm) 


Human umbilical 
vein endothelial cells/ 
in vitro 


Dose dependent cytotoxicity 


Ge et al. 2011 


Dose dependent cytotoxicity and genotoxicity (growth 
inhibition, ROS, DNA damage) 


Wang et al. 2010 


Cytotoxicity and genotoxicity (reduced viability, 
induced apoptosis, ROS, DNA damage) 


Guo et al. 2011 


CdSe/ZnS quantum dots 
with PEG or poly-lysine 
coatings (7-14 nm) 


zebrafish larvae/in 
vitro 


Toxicity. The effect depends on NP size and coating. 
The QD exposure leads to Cd toxicity endpoints and 
additional effects (distinct from Cd) like necrosis, yolk 
sac and tail malformations. 


King-Heiden et al. 2009 
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Effects of nanoparticles on embryogenesis 


The discussed NP passage to the embryos raises con- 
cerns about possible toxic and teratogenic effects on fetal 
development. Recent reports about an adverse impact on 
embryogenesis after a maternal exposure of NP are pre- 
sented in Table 1. By now, there have been no data on NP 
toxicity on human embryos, and most in vivo studies have 
been made using rodent models. Scrutiny in the observed 
NP effects leads to a conclusion that different experimental 
conditions induced embryotoxicity, which depends on 
physicochemical NP properties such as size and surface 
coating. NP of smaller sizes penetrate the embryos easier 
and accumulate in higher quantities. The surface stabiliza- 
tion with Si02, ZnS, PEG or other organic ligands (King- 
Heiden et al. 2009; Hsieh et al. 2009; Chu et al. 2010; 
Yamashita et al. 2011) also reduces the transplacental trans- 
fer. NP toxicity mechanisms have not been well established 
yet. Moreover, they depend on experimental conditions, 
the route of administration and NP type. However, recent 
studies imply that NP toxicity might be mediated by oxida- 
tive stress and inflammation (Shimizu et al. 2009; Wang et 
al. 2010), cell growth inhibition, enhanced apoptotic pro- 
cesses (Hsieh et al. 2009; Guo et al. 2011), necrosis (King- 
Heiden et al. 2009), and/or DNA damage (Wang et al. 
2010). 

In the case of quantum dots (QD) the toxicity is related 
with the release of Cd** ions and subsequent Cd?" induced 
effects (Karabanovas et al. 2008; Hsieh et al. 2009). 
However King-Heiden et al. (2009) observed QD induced 
necrosis and yolk sac and tail malformation, which were 
not characteristic to Cd** evoked effects, indicating that 
nanostructure exhibits new qualities that are not prominent 
in their components. Hougaard et al. (2010) observed 
adverse effects on neurobehavior and fertility of the off- 
spring’s of TiO, exposed rats. The research highlighted that 
the maternal NP exposure can lead to indirect effects on 
embryogenesis without NP accumulation in the fetus. This 
possibility was corroborated by observations of changes in 
the expression of genes associated with acute phase, inflam- 
mation and immune response. 

Finally, it should be noted that interests in physiologi- 
cal effects of NP during pregnancy are growing and the 
number of scientific studies is increasing. NP accumulation 
in embryos and the subsequent beneficial or adverse effects 
to the organism depend on the type and physicochemical 
properties of NP as well as dosage, route of administration, 
gestation period, duration of exposure and other experimen- 
tal conditions. Since different research groups use individ- 
ual models, there is a need of experimental standardization 
in order to compare different studies and to obtain systemic 
knowledge about safety of using NP in industry and medi- 
cine. Researches on human models are of great demand 
because the placental barrier structure, immune responses 
and the physiology of embryogenesis is different from that 
of experimental animals, what limits the extrapolation of 


the results to human embryogenesis. The human placental 
perfusion model was successfully used in NP transplacental 
transfer studies and the experimental conditions can be suf- 
ficiently maintained to obtain reproducible results, therefore 
the placental perfusion model could be standardized for the 
assessment of NP transplacental passage. However placen- 
tal barrier physiology highly depends on the gestation 
period (Gude et al. 2004; Shimizu et al. 2009) what raises 
the need for other experimental models that would produce 
data on NP passage in early stages of embryogenesis. 
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